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nautilus (nau), one member of the myogenic regulatory family of bHLH-encoding genes, is expressed in a subset of muscle
precursors and differentiated ®bers in the Drosophila embryo. To elucidate the role of nautilus in myogenesis, we have
misexpressed it using the GAL4-targeted system. We ®nd that ectopic expression results in lethality throughout Drosophila
development. We analyzed the effects of embryonic expression in mesodermal tissues that include the cardioblasts of the
dorsal vessel as well most, if not all, of the presumptive somatic muscle precursors. Immunohistochemical staining for
muscle MHC revealed abnormalities that include an absence of cardial cells, coincident with the appearance of novel
muscle ®bers adjacent to the dorsal vessel. Moreover, many cardioblasts express increased levels of muscle-speci®c genes
such as myosin, actin 57B, and Mlp60A, a protein that is restricted to the somatic, visceral, and pharyngeal muscles. These
data suggest that the missing cardial cells have been transformed into cells with properties similar to those of the somatic
muscles. In addition, ubiquitous expression of nautilus in somatic muscle cells of these embryos resulted in muscle pattern
defects. Speci®cally, muscles that do not normally express nautilus were frequently absent, and novel ®bers were observed
in positions reminiscent of nau-expressing muscles. These data imply that nautilus can alter the developmental program
of muscle precursors. In summary, we suggest that nautilus induces myogenic differentiation in vivo when ectopically
expressed in developing cardioblasts and may affect the myogenic differentiation program of speci®c muscle ®bers. q 1997
Academic Press
INTRODUCTION pattern is already established in mononucleate myoblasts,
termed muscle pioneers, that take up characteristic and re-
producible positions in the embryo (Ho et al., 1983; SteffensThe differentiated somatic muscles of a Drosophila larva,
et al., 1995). These muscle pioneers fuse with mesodermalas in many other organisms, are multinucleate ®bers that
cells to form mature muscle ®bers. In Drosophila, a smallhave many morphological features in common and display
population of cells exhibit unique locations (Bate, 1990) andsimilar patterns of muscle-speci®c gene expression. Super-
are able to span their territory even in the absence of my-imposed on these general traits, however, is the observation
oblast fusion (Rushton et al., 1995), features similar to thosethat each developing muscle ®ber has distinct morphologi-
of the muscle pioneers in the grasshopper. It has been sug-cal features that re¯ect speci®city in the extent of fusion,
gested that these Drosophila ``founder'' cells ``seed'' the pro-direction of migration, and sites of attachment. The pattern
cess of fusion (Rushton et al., 1995).of muscles in a Drosophila larva is a segmentally repeated
The mechanisms regulating segregation of Drosophilaarray that includes 30 distinct muscles per abdominal hemi-
founder cells and establishing each of their unique identitiessegment (Crossley, 1978; Bate, 1993). While the mecha-
have not been fully elucidated. Recent studies have sug-nisms controlling this elaborate pattern are not well under-
gested that the ectoderm may be involved in these earlystood, it has become apparent that it is established early in
events (Baker and Schubinger, 1995), in addition to cell sig-development, coincident with the ®rst morphological signs
naling molecules such as Notch (Corbin et al., 1991; Bateof myogenesis (Bate, 1990). In the grasshopper, the muscle
et al., 1993) and wingless (Bate and Rushton, 1993; Baylies
et al., 1995; Ranganayakulu et al., 1996). Mesodermally ex-
pressed basic helix±loop±helix (bHLH) proteins such as le-1 To whom correspondence should be addressed.
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thal of scute also appear to be involved in this decision MyoD and Myf-5 are expressed in distinct subsets of myo-
blasts and that the apparent redundancy occurs at the cellu-(Carmena et al., 1995). The ultimate consequence of these
mechanisms appears to be the activation of factors that lar level (Braun and Arnold, 1996). By comparison, mice
lacking the myogenin gene appear to be missing many mus-mark subsets of the Drosophila founder cells and can, in
many cases, be followed into differentiated muscle ®bers cle ®bers even though the initial events of somite differenti-
ation appear to occur normally (Hasty et al., 1993; Nabe-(reviewed in Bate, 1993; Abmayr et al., 1995). Several genes
exhibit such patterns of expression, including vestigial and shima et al., 1993; Rawls et al., 1995; Venuti et al., 1995).
Recent results establish that myogenin's functions do notS59 (Dohrmann et al., 1990; Bate and Rushton, 1993). The
muscle segment homeobox (msh) gene is expressed in a overlap with those of MyoD or Myf-5 (Rawls et al., 1995),
consistent with the suggestion that MyoD expression issubset of the somatic muscles, and misexpression of MSH
appears to alter the pattern of muscle precursors (Lord et associated with slow-twitch ®bers and myogenin with fast-
twitch ®bers in adults (Hughes, 1992). By contrast, the pat-al., 1995). In addition, apterous is expressed in a subset of
muscles and their precursors, is critical for formation of tern of expression of MRF4 implicates it in later aspects of
differentiation (Rhodes and Konieczny, 1989; Braun et al.,members of this subset, and induces muscle pattern dupli-
cations when misexpressed (Bourgouin et al., 1992). Finally, 1990; Miner and Wold, 1990). Finally, the four vertebrate
genes have distinct expression patterns that appear to marknautilus, the subject of this study, is expressed in a subset
of muscle precursors and differentiated muscle ®bers (Mi- different subdomains within the mouse somites (Smith et
al., 1994; Cossu et al., 1996). Together, these ®ndings sug-chelson et al., 1990; Paterson et al., 1991; Abmayr et al.,
1992). Expression of these genes in founder cells, prior to gest that the vertebrate factors may play different roles in
myogenesis.the ®rst fusion events, suggests that muscle pattern is estab-
lished early in myogenesis. Moreover, their expression in In this study, we have utilized the GAL4/UAS system
(Brand and Perrimon, 1993) to direct expression of nautilussubsets of precursors and differentiated muscles may re¯ect
a causative role in muscle patterning. to mesodermal derivatives that include the cardial cells of
the heart, as well as most, if not all, precursors and differen-nautilus is the only apparent Drosophila homolog of the
myogenic regulatory family that includes the mammalian tiated ®bers of the somatic musculature. We show, ®rst,
that misexpression of nautilus alters the fate of the cardialgenes MyoD, Myf-5, myogenin, and MRF4 (reviewed in Em-
erson, 1993). The proteins encoded by this gene family have cells and diverts them to a somatic muscle differentiation
program, not unlike the action of the mammalian factors.a high degree of homology throughout the bHLH domain.
Numerous studies have established that the vertebrate We further show that nautilus alters particular muscle dif-
ferentiation programs, as evidenced by the loss of speci®cmyogenic bHLH factors are capable of transforming a vari-
ety of cultured cells to a myogenic phenotype (reviewed in muscle ®bers that do not normally express nautilus and the
appearance of novel ®bers reminiscent of speci®c musclesEmerson, 1990; Olson, 1990; Buckingham, 1992; Wein-
traub, 1993). In addition to altered patterns of gene expres- that do express nautilus.
sion, these myogenic transformations include myoblast fu-
sion and muscle contraction. A more limited number of
studies have addressed the ability of the myogenic bHLH MATERIALS AND METHODS
proteins to divert cells to a myogenic developmental pro-
gram when expressed in intact tissues (Hopwood and Gur- Drosophila Stocks
don, 1990; Hopwood et al., 1991; Miner et al., 1992; Santerre
All stocks were grown on standard cornmeal medium at 18 oret al., 1993; Ludolph et al., 1994). In some instances, misex-
257C, as necessary. The 24B±GAL4-expressing enhancer trap linepression of bHLH proteins was shown to change patterns
was generously provided by N. Perrimon and is described in Brandof gene expression in a manner consistent with the previous
and Perrimon (1993). Heart-speci®c GAL4 lines were obtained fromstudies in cultured cells, but did not transform cells to skel-
J. Urban (unpublished).
etal muscle morphologically (Hopwood and Gurdon, 1990;
Hopwood et al., 1991; Miner et al., 1992). In a few tissues,
however, misexpression of bHLH proteins appeared to in- UAS-nau Stocks
duce the full repertoire of myogenesis (Santerre et al., 1993;
The UAS-nau construct consisted of a 1.4-kb nautilus fragmentLudolph et al., 1994).
that extended from nucleotide /300 (98 nucleotides 5* to the nauti-While the four myogenic regulatory genes appear to func-
lus translation start site) to the end of the cDNA (Michelson et al.,tion somewhat interchangeably in cultured cells, genetic
1990), cloned into the pUAST vector (Brand and Perrimon, 1993).studies in the mouse have revealed a slightly different situa-
Transgenic lines containing this construct were generated by injec-tion (reviewed in Rudnicki and Jaenisch, 1995). MyoD and
tion of yw embryos according to published procedures (Rubin and
Myf-5 can serve relatively redundant roles since, although Spradling, 1982; Spradling and Rubin, 1982), and three independent
individual mutations are not deleterious to muscle forma- sites of insertion (referred to as 1, 2, and 4) were obtained. Lines 1
tion (Braun et al., 1992; Rudnicki et al., 1992), myoblasts are and 4 are homozygous viable on the third chromosome. Line 2 is
not observed in mice bearing mutations in both (Rudnicki et homozygous lethal on the third chromosome and was balanced
over TM3 scr-lacZ (Bloomington Drosophila Stock Center). Theal., 1993). However, recent studies have established that
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presence of two copies of the UAS-nau construct in recombinant 1991). In situ hybridizations with digoxigenin-labeled DNA probes
utilized the Genius DNA labeling and detection kit (Boehringer-lines was determined molecularly (data not shown).
Mannheim) according to the procedure of Tautz and P®e¯e (1989)
with modi®cations (Michelson et al., 1990). The actin probe was
Lethal Phase Tests a 450-bp EcoRI/HindIII fragment (Tobin et al., 1990).
Lethal tests were carried out on lines 1, 4, and 1±4 recombinants
at 257C. Line 2 was not used due to background lethality arising Generation of Rabbit Anti-NAU IgG Fab Fragment
from the balancer chromosome. Embryos were collected on agar/
apple juice plates for 2- or 4-hr intervals and transferred to a grid A rat anti-NAU antiserum, generated from a 1.1-kb EcoRI/
on a fresh agar plate. Embryonic lethality was assayed after 24 BamHI fragment of nau cDNA cloned into pGEX1, has been de-
and 48 hr. Fertilized, dead embryos were identi®ed by their brown scribed (Abmayr et al., 1992). Polyclonal rabbit antiserum was pre-
discoloration and counted. Unfertilized embryos were initially pared against this GST-NAU fusion protein (amino acids 14 ±343)
identi®ed by their color and con®rmed by closer examination of according to standard procedures (Harlow and Lane, 1988). The Fab
their developmental status. These unfertilized eggs were not portion was isolated by papain digestion of IgG puri®ed by protein
counted in the total number analyzed (Table 1). Agar/apple juice A agarose column chromatography, as described (Harlow and Lane,
plates containing larvae were transferred to bottles of standard me- 1988).
dia. Pupal lethality was assayed 12 days AEL (after egg-laying) by
counting the number of full pupal cases. Larval lethality was deter-
mined by subtracting dead embryos, dead pupae, and surviving RESULTSadults from the total analyzed. For each UAS-nau line, data from
four independent trials of 100 embryos each were averaged to deter-
Ectopic Expression of nautilus Causes Lethalitymine the percentage of individuals in each category.
throughout Development
We have examined the effects of inappropriate nautilusStatistical Analysis of Morphological Defects in the
expression in speci®c cell types using the directed approachDorsal Vessel
provided by the GAL4 system of Brand and Perrimon (1993).
A blind analysis of the severity of defects in the dorsal vessel of The nautilus cDNA was placed under the control of several
24B±GAL4/UAS-nau 1, 24B±GAL4/UAS-nau 4, and 24B±GAL4/ GAL4 binding sites, the so-called UAS, and the resulting
UAS-nau 1±4 embryos was conducted. Samples were randomly construct was transformed into Drosophila as described un-coded and assigned a number. Coded samples were evaluated ac-
der Materials and Methods. Three independent sites of in-cording to the criteria described in Table 2, and results were tabu-
sertion were obtained and are referred to as 1, 2, and 4. Tolated according to genetic background.
direct expression of nautilus throughout the mesoderm, we
have used 24B, an enhancer-trap insertion in which GAL4
Whole-Mount Embryo Analysis expression is directed to several mesodermal derivatives.
These include the presumptive musculature in germ band
Embryos were collected on agar/apple juice plates and aged as
extended embryos, as well as cardial cells in the dorsal ves-necessary. Embryos were dechorionated in 50% bleach, then ®xed
sel of later stage embryos and most, if not all, of the differen-in 4% paraformaldehyde in PEM (0.5 M Pipes, pH 8.0; 10 mM
tiated muscles (Brand and Perrimon, 1993; Luo et al., 1994;MgSO4; 5 mM EDTA) and 50% (v/v) heptane. Immunochemistry
Bour et al., 1995; this paper). NAU protein was expressedwas performed according to Ashburner (1989). Incubations with
primary antibody or antisera were carried out at 47C overnight, at in these mesodermal tissues by mating ¯ies carrying the
the following dilutions: rabbit anti-NAU Fab fragment (1:100), anti- 24B±GAL4 insertion to ¯ies carrying one of the UAS-nauti-
MSP-300 (1:500) (Volk, 1992), monoclonal anti-MHC (1:1000) (D. lus constructs mentioned above.
Kiehart, unpublished), polyclonal anti-MHC (1:500) (Kiehart and The pattern of NAU expression in 24B±GAL4/UAS-nau
Feghali, 1986), anti-MEF2 (Bour et al., 1995), anti-EVE (Frasch et embryos was compared to that of the endogenous pattern
al., 1987), and anti-Mlp60A (Stronach et al., 1996). Biotinylated of NAU protein in a wild-type embryo (Fig. 1). Since both
secondary antibodies were detected with the Vectastain ABC kit
24B±GAL4 and UAS-nau 1 are viable as homozygotes, all(Vector Laboratories, CA) for MSP-300 and MHC antibodies and
progeny generated by mating these two lines contained onethe Vectastain Elite ABC kit (Vector Laboratories) for NAU, EVE,
copy of the source of GAL4 and one copy of UAS-nau.MEF2, and Mlp60A antibodies. Where appropriate, embryos that
Therefore, an altered NAU pattern was observed in 100% ofcarried the balancer chromosome in lieu of the UAS-nau insert
were identi®ed by their b-galactosidase activity (Klambt et al., the embryos. The earliest detection of 24B±GAL4-directed
FIG. 1. NAU expression in wild-type and 24B±GAL4/UAS-nau 1 embryos. Embryos were immunostained with Fab fragment puri®ed
from rabbit polyclonal antisera against NAU protein (see Materials and Methods) and staged according to Campos-Ortega and Hartenstein
(1985). Embryos are oriented with the anterior to the left (A±F) and the dorsal to the top (C±F). (A) Wild-type, early stage 12, ventral view.
(B) 24B±GAL4/UAS-nau 1, late stage 11, ventral view. (C) Wild-type, stage 13, lateral view. (D) 24B±GAL4/UAS-nau 1, stage 13, lateral
view. (E) Wild-type, stage 14, lateral view. (F) 24B ±GAL4/UAS-nau 1, stage 17, lateral view.
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TABLE 1
Lethal Phase Tests of Various UAS-nautilus Lines Induced by 24B-GAL4
Total embryos Dead embryos Dead larvaeb Dead pupae Surviving adults
analyzed ({SE)a (%) ({SE) (%) ({SE) (%) ({SE) (%)
24B-GAL4/UAS-nau 1 298 8.1 { 1.9 56.3 { 0.4 35.6 { 2.1 0
24B-GAL4/UAS-nau 4 314 9.2 { 1.8 2.3 { 0.9 82.8 { 2.9 4.7 { 0.9
24B-GAL4/UAS-nau 1-4 370 1.6 { 0.4 83.1 { 3.4 12.5 { 2.7 0
a Standard error.
b Larval lethality was determined by subtracting dead embryos, dead pupae, and surviving adults from the total number of embryos
analyzed.
expression of NAU occurred at Stage 11, just prior to the stages of development, 2.3% of the 24B±GAL4/UAS-nau 4
individuals died during larval development, while approxi-endogenous protein. NAU was expressed throughout the
presumptive musculature in these embryos, in contrast to mately 83% died during pupal development. A limited
number survived to adulthood and had severe defects inthe subset of NAU-expressing cells that can be seen in a
wild-type embryo (Paterson et al., 1991; Abmayr et al., their ability to ¯y (data not shown). By contrast, approxi-
mately 56% of the 24B±GAL4/UAS-nau 1 individuals died1992; Figs. 1A and 1B). Similarly, a larger number of myo-
blasts were observed to express NAU following germ band during larval development and 36% died during pupal devel-
opment. None survived to adulthood. The differences be-retraction than in a wild-type embryo (Figs. 1C and 1D).
Later in embryogenesis, NAU protein appeared to be present tween these two lines suggest the possibility that nautilus
expression in line 1 may be slightly higher than that of linein all muscle ®bers (Figs. 1F and 5D), cardioblasts (Fig. 4B),
visceral musculature, fat body, salivary glands, and a small 4. Consistent with this interpretation, an increase in larval
lethality to 83% was observed in progeny of a 1±4 recombi-number of cells above the ventral ganglion (data not shown).
Virtually identical patterns of expression were observed in nant in which two copies of the UAS-nau construct were
present.embryos in which UAS-nau line 2 or 4 was crossed to ¯ies
carrying the 24B±GAL4 insert (data not shown).
To determine whether the ectopic expression of nautilus Cardial Cells Are Converted to Somatic Musclehad detrimental consequences, lethal phase tests were per-
Fibers by nautilusformed as described under Materials and Methods. Flies ho-
mozygous for UAS-nau line 1, line 4, or a 1±4 recombinant Many of the ®rst instar larvae observed in the above lethal
tests died shortly after hatching, suggesting the possibilitythat carried two copies of the UAS-nau construct were
crossed to ¯ies homozygous for 24B±GAL4. In all cases, that embryonic defects might be apparent. A subset of the
mesodermally derived tissues in which nautilus was misex-100% of the progeny contained 24B±GAL4 and UAS-nau.
Results of these studies are shown in Table 1. A small num- pressed was therefore examined in more detail. We initially
focused attention on the dorsal vessel. In wild-type em-ber of progeny died as embryos in all lines. Surprisingly, the
level of this embryonic lethality in line 1±4 was lower than bryos, the dorsal vessel consists of several cell types, includ-
ing two rows of myosin-expressing cardioblasts (Figs. 2Athat of either lines 1 or 4 alone. This variability may have
been due to differences in susceptibility to damage during and 3A). They are surrounded by pericardial cells and
attached to the overlying epidermis by the alary musclesmanipulation of the embryos or in genetic background re-
sulting from the generation of the recombinant line. In later (Campos-Ortega and Hartenstein, 1985; Bate, 1993; Rugen-
FIG. 2. Comparison of the expression patterns of several markers in wild-type and 24B±GAL4/UAS-nau embryos. All panels are dorsal
views of embryos at late stage 16 or 17, oriented with anterior to the left. (A, B) Wild-type and 24B±GAL4/UAS-nau 1, respectively, in
which the cardial cells were visualized with a monoclonal antibody to muscle MHC (brown) and the pericardial cells were visualized
with an antisera to EVE (blue). Two organized rows of myosin-expressing cardioblasts in the dorsal vessel surrounded by pericardial cells
are shown in dissected embryos. Arrows in (B) denote morphologically distinct cells that appear to be expressing increased levels of
myosin. (C, D) Wild-type and 24B±GAL4/UAS-nau 1, respectively, in which cardial cells were visualized by in situ hybridization with a
digoxigenin-labeled cDNA probe for the actin 57B mRNA. Arrows indicate cardial cells that appear to be expressing increased levels of
actin mRNA. (E) Wild-type. The somatic musculature was immunostained with antisera to Mlp60A. Note the absence of expression in
the dorsal vessel. (F, G) 24B±GAL4/UAS-nau 1 embryos also immunostained with antisera to Mlp60A. Arrows denote cardial cells which
express detectable levels of the muscle-speci®c marker. (H, I) Wild-type and 24B±GAL4/UAS-nau 1, respectively, in which cardial cells
were visualized with antisera to MSP-300. Arrowhead in (I) marks the absence of a row of MSP-300-expressing cardial cells.
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dorff et al., 1994). The mesodermally derived cardioblasts ber of the UAS-nau construct, the number of defective em-
bryos, and the severity of the defects in the dorsal vessel,do not normally express NAU, but expressed it from the
UAS-nau construct when directed to do so by the 24B± shown in Table 2. For line 4, 63.3% of the embryos exam-
ined had no visible defects, while 32.1% were mildly af-GAL4 enhancer trap line (Figs. 4A and 4B).
The cardioblasts of the dorsal vessel were initially visual- fected and less than 1% had severe defects. In contrast, only
3.8% of line 1 embryos had no visible defects, while 39.6ized with a monoclonal antibody against muscle myosin.
(Figs. 2A and 2B). Morphological changes in the cardial cells and 47.2% had mild and moderate defects, respectively. In
line 1±4, which contained two copies of the UAS-nau con-were observed as well as differences at the level of gene
expression. Mildly affected cells appeared to be larger and struct, only 1.0% of the embryos had no detectable defects
and the number of embryos evaluated as having severe de-extend slightly beyond their normal structure (Fig. 2B).
They also appeared to express increased levels of MHC pro- fects increased to 33%. In comparison with the results of
lethal phases tests described previously (Table 1), these datatein, as detected by both polyclonal antisera (data not
shown) and a monoclonal antibody directed against muscle indicate that most of the visibly affected embryos were,
nevertheless, able to emerge from the eggshell and did notMHC (arrows, Fig. 2B; see Materials and Methods). By con-
trast, the pericardial cells appeared to be normal in these die until later stages.
Of note, the novel muscle ®bers of some embryos wereembryos as evidenced by double labeling with antisera to
EVE (Figs. 2A and 2B). While the cells were somewhat dis- observed in a repeating pattern in particular regions of each
segment (data not shown), suggesting the possibility thatplaced and disorganized, possibly as a consequence of the
disruption of the cardial cells, their numbers were essen- some cardial cells are more easily converted to muscle than
others (Discussion). These novel muscle ®bers did not ap-tially normal. This observation was expected since 24B±
GAL4 did not appear to drive expression of NAU in the pear to be transformed alary muscles, consistent with our
inability to detect NAU protein in these cells (data notpericardial cells. Expression of actin 57B mRNA was exam-
ined using the method of Tautz and Pfei¯e (1989). This actin shown). However, due to the lack of an appropriate marker
for the alary muscles, we cannot exclude the possibility thatisoform is normally expressed at high levels throughout the
somatic musculature (Tobin et al., 1990) and at rather lower some of the cardioblasts had now completely separated from
the dorsal vessel, fused with the alary muscles, and elon-levels in the cardial cells of the heart (Fig. 2C). As shown,
a few of the cardial cells were expressing an increased level gated into a ®ber-like structure.
These developing ®bers appeared to be multinucleate, asof actin mRNA, similar to that observed in somatic muscle
cells (note arrows, Fig. 2D). We have also examined expres- evidenced by immunostaining for either NAU (arrows, Fig.
4B) or MEF2 (arrows, Fig. 4D), another nuclearly localizedsion of Mlp60A in the transformed cardial cells. This pro-
tein is expressed in the visceral, somatic, and pharyngeal DNA-binding protein that is normally expressed in both
the cardial cells and the somatic muscles (Lilly et al., 1994,muscles of wild-type embryos (Stronach et al., 1996), but is
not normally expressed in the heart (Fig. 2E). The trans- 1995; Nguyen et al., 1994; Bour et al., 1995). In both cases,
clusters of nuclei were observed in patterns reminiscent offormed cardial cells expressed detectable levels of Mlp60A
(Figs. 2F and 2G), suggesting that they now exhibited proper- the ectopic muscle ®bers noted above. Of note, enhancer
trap lines that direct visible expression of GAL4 in theties consistent with a somatic cell phenotype. Another
marker for the differentiating cardial cells is MSP-300, a cardial cells of Stage 16 embryos failed to induce myogenic
conversion (data not shown; see Materials and Methods).protein that is expressed at the leading edge of migrating
muscles (Volk, 1992) and in differentiated cardial cells (Fig. This result may re¯ect insuf®cient levels of NAU protein
or indicate that NAU must be provided prior to this devel-2H). Immunostaining with antisera to MSP-300 revealed
an absence of cardial cells in positions where they would opmental stage to alter cardioblast fate.
normally be observed (Fig. 2I; note arrowhead).
As mentioned above, the earliest observed defects in the Misexpression of nautilus Changes the Identity andcardial cells are morphological changes in which these cells
Behavior of Speci®c Muscle Fibersappeared to be slightly larger and expressed increased levels
of proteins such as MHC (Figs. 2B and 3B; category b of The results described above suggest that inappropriate
expression of nautilus in the embryonic heart altered theTable 2). It is possible that mildly transformed cells such
as these occurred in embryos that survived until metamor- behavior of at least a subset of the NAU-expressing
cardioblasts to one reminiscent of somatic muscle ®bers,phosis in the lethal phase tests discussed above. The most
severely affected embryos exhibited a disruption in the in- consistent with a role for nautilus in myogenic differentia-
tion. However, nautilus is normally expressed in only ategrity of the dorsal vessel, with an apparent absence of
myosin-expressing cardioblasts in several regions (arrow- subset of muscle precursors and differentiated muscle ®bers
(Michelson et al., 1990; Paterson et al., 1991; Abmayr etheads, Figs. 3C±3E). In addition, myosin-expressing syncitia
appeared to overly or lie adjacent to the dorsal vessel in al., 1992; Figs. 1A, 1C, and 1E; Fig. 5C) and is therefore
unlikely to function as a general myogenic signal. Rather,these embryos (arrows, Figs. 3C±3F; category d in Table 2).
Although all of the 24B±GAL4/UAS-nau lines exhibited the pattern of expression might suggest a role in the devel-
opment of particular muscle ®bers. It was therefore of inter-defects, there is a rough correlation between the copy num-
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FIG. 3. Ectopic NAU expression transformed the cardioblasts of the dorsal vessel into somatic muscle ®bers. Late stage 16 or 17 embryos
carrying one or two copies of the UAS-nau construct were analyzed with a monoclonal antibody against muscle MHC. All views are
dorsal with the anterior to the left. (A) Wild-type. (B) 24B±GAL4/UAS-nau 1. A mildly affected embryo. Arrows denote cardial cells with
increased levels of myosin. (C) 24B±GAL4/UAS-nau 1. A severely affected embryo. Arrowhead indicates the absence of a row of cardioblasts,
while arrow marks nearby clusters of myosin-expressing cells that extend beyond the normal structure of the heart. (D) 24B ±GAL4/UAS-
nau 2. Arrowhead denotes a region with no myosin-expressing cardioblasts. Arrow identi®es myosin-expressing syncitia in close proximity.
(E) 24B±GAL4/UAS-nau 1±2. Embryos carrying two copies of the UAS-nau construct display severe morphological defects of the dorsal
vessel. Arrowhead indicates the absence of cardial cells. Arrow marks the appearance of novel elongated muscle ®bers adjacent to the
disrupted dorsal vessel. (F) 24B±GAL4/UAS-nau 1±4. Arrow denotes elongating syncitia.
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TABLE 2
Severity of Dorsal Vessel Defects of Various UAS-nautilus Lines Induced by 24B-GAL4
Total embryos No Mild Moderate Severe
analyzed defectsa (%) defectsb (%) defectsc (%) defectsd (%)
24B-GAL4/UAS-nau 1 106 3.8 39.6 47.2 9.4
24B-GAL4/UAS-nau 4 109 63.3 32.1 3.7 0.9
24B-GAL4/UAS-nau 1-4 103 1.0 17.5 48.5 33.0
a No visible defects in dorsal vessel.
b Dorsal vessel generally intact with few defects; ¡5% of cardial cells affected.
c Integrity of dorsal vessel disrupted; missing cardial cells.
d Integrity of dorsal vessel disrupted; missing cardial cells; multiple syncitia present in the region of the dorsal vessel.
est to examine the consequences of misexpression of nauti- copy of the 24B±GAL4 and UAS-nau constructs, the ab-
sence of the lateral transverse muscles frequently correlatedlus in all somatic muscle cells.
In comparison to the subset of muscle precursors and with the appearance of unattached syncitia in nearby loca-
tions (arrows, Fig. 6A). In other cases, however, novel mus-muscle ®bers that normally express nautilus, the 24B±
GAL4 line directed expression of nautilus throughout the cle ®bers were observed (arrows; Figs. 6A, 6D, and 6E). Such
novel muscle ®bers were found in a higher percentage ofpresumptive musculature and in most, if not all, fully differ-
entiated muscle ®bers (Figs. 1B, 1D, 1F, and 5D). The effects embryos that carry the 24B±GAL4 construct and a recombi-
nant chromosome with both the UAS-nau 1 and 2 insertsof this misexpression on somatic muscle development were
examined in progeny carrying 24B±GAL4 and either UAS- (arrows; Figs. 6B, 6C, and 6F). These ®bers appeared to be
attached and elongated and were found in either inappropri-nau 1 (Figs. 6A, 6D, and 6E) or a recombinant line generated
from UAS-nau 1 and 2 (Figs. 6B, 6C, and 6F). For this analy- ate or duplicated positions, with features and orientations
reminiscent of muscles that normally express nautilus. Ex-sis, muscles were visualized by immunostaining with a
monoclonal antibody directed against the MHC protein. We amples include the appearance of rather large muscles in
the orientation of muscle 5 (Figs. 6C and 6D), as well asinitially focused on the lateral transverse muscles (Figs. 5B
and 5D), since these muscles do not normally appear to the apparent duplication of muscle 20 (Fig. 6B). Two ®nal
examples are the apparent duplication of a muscle with theexpress NAU (Fig. 5C; S. Abmayr, unpublished observa-
tions). Consequently, their developmental properties could features of muscle 26, either alongside the normal muscle
26 (Fig. 6F) or in a totally different location (Fig. 6E).be examined for defects induced by ectopic expression of
nautilus.
In some of the embryos resulting from the above crosses,
the lateral transverse muscles appeared to be normal in all DISCUSSION
segments (data not shown). In the majority of embryos,
however, one or more of these muscles were absent in many As previously described (Introduction), the vertebrate
myogenic bHLH factors are capable of inducing various as-segments (arrowheads, Fig. 6A). In embryos bearing one
FIG. 4. Immunostaining for nuclear proteins revealed multiple nuclei in the positions of the emerging muscle ®bers. Late stage 16 or
17 embryos were immunostained for NAU (A, B) or MEF2 (C, D) as described (Materials and Methods). All views are dorsal with the
anterior to the left. (A) Wild-type. Arrows denote the absence of endogenous NAU expression in the cardioblasts. (B) 24B±GAL4/UAS-
nau 2. Arrows indicate clusters of NAU-expressing nuclei in positions reminiscent of developing muscle ®bers. Arrowhead denotes the
absence of NAU-expressing nuclei within the row of cardioblasts. (C) Wild-type. Two organized rows of MEF2-expressing cardioblasts are
apparent. (D) 24B±GAL4/UAS-nau 2. Arrows indicate clusters of MEF2-expressing nuclei in positions reminiscent of developing muscle
®bers as in (B).
FIG. 5. NAU protein, which is normally expressed in only a subset of muscle ®bers, can be detected in most, if not all, muscles when
expressed under the control of the 24B enhancer trap line. These include the lateral transverse muscles 18 and 21±24 (Crossley, 1978).
Embryos are positioned with dorsal to the top and the anterior to the left. The somatic muscle pattern was analyzed with a monoclonal
antibody against muscle MHC (A) or an Fab fragment puri®ed from polyclonal rabbit antisera against NAU (C, D) as described under
Materials and Methods. (A) Wild-type (401 original magni®cation). (B) Schematic representation of a subset of the larval somatic muscle
®bers using the nomenclature of Crossley (1978). Inner, middle, and outer layers are shown in green, yellow, and red, respectively. Dorsal
muscles not shown. (C) Wild-type (601 original magni®cation), dissected. Arrows identify select nau-expressing muscles. (D) 24B±GAL4/
UAS-nau 1 (601 original magni®cation). The NAU-expressing lateral transverse muscles (LT) are indicated by lines. The arrow marks a
neighboring segment in which the lateral transverse muscles are disrupted.
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pects of the myogenic differentiation program in cultured These results are consistent with the possibility that lower
levels of NAU protein are suf®cient to alter transcriptionalcells, intact tissues, and whole organisms, ranging from
simple changes in gene expression to morphological trans- patterns but that higher levels are required for morphologi-
cal transformation, as seen more often with two copies offormation. In this study, we present evidence suggesting
that nautilus, the Drosophila homolog of the bHLH myo- the construct. All cardial cells in all embryos were not con-
verted to muscle ®bers, further suggesting that (1) the tim-genic regulatory gene family, is capable of functioning in the
intact organism in a fashion reminiscent of the vertebrate ing and/or level of expression is important for transforma-
tion in Drosophila or (2) the cardiac differentiation programfactors. In brief, ectopic expression of nautilus in the cardial
cells of the heart resulted in increased levels of expression is interfering with complete transformation to skeletal mus-
cle as suggested in mammalian systems (Miner et al., 1992;of myosin heavy chain protein, actin 57B mRNA, and the
apparent induction of Mlp60A (Stronach et al., 1996), a pro- Santerre et al., 1993). Consistent with these possibilities,
lines expressing GAL4 in the heart of late stage embryos didtein that is normally expressed in somatic muscle but is
not observed in cardial cells. Morphological abnormalities not exhibit these transformations (data not shown). Further,
differences in the severity of dorsal vessel defects, and inappeared to include myoblast fusion and elongation. Coinci-
dent with these novel cells and ®bers was the apparent lack the lethal stage, between the UAS-nau lines, would seem
to suggest that the level of NAU protein is not yet saturated,of cardial cells. Thus, as with its vertebrate counterparts,
nautilus seems to alter cell fate toward a somatic muscle at which point all cardial cells might be morphologically
transformed. The degree and extent to which the cardialdifferentiation program. In addition, we suggest that nauti-
lus may direct unique muscle-speci®c differentiation pro- cells were transformed in Drosophila may also re¯ect subtle
differences between the cardial cells themselves. Recentgrams that distinguish each muscle ®ber.
studies have revealed segmentally repeated patterns of gene
expression in the cells of the dorsal vessel. In the pericardialMisexpression of nautilus Transforms Cardial Cells cells, for example, the homeotic gene even-skipped is ex-
to Somatic Muscle pressed in only two of the six cells present in each segment
(Frasch et al., 1987; Bodmer, 1995). Similarly, bagpipe isIn contrast to vertebrates, in which transformation of
cardial cells by myogenic bHLH proteins is incomplete expressed in distinct subsets of cardial cells within each
segment (Azpiazu and Frasch, 1993). Finally, enhancer trap(Miner et al., 1992; Santerre et al., 1993), Drosophila cardial
cells seem capable of undergoing myogenic transformation lines that express b-galactosidase in subsets of cardial cells
suggest the existence of genes that have yet to be clonedthat includes myoblast fusion and elongation. In less severe
examples, individual cardial cells expressed increased levels (Hartenstein and Jan, 1992). Thus, variations in the patterns
of gene expression in subsets of cardial cells may affect theirof muscle myosin, actin 57B, and Mlp60A and appeared to
extend beyond the normal structure of the heart. The cardial predisposition to transformation by NAU. In the simplest
case, differentially distributed proteins may actually inter-cells of more severely affected embryos exhibited changes in
behavior, were morphologically more distinct, and appeared act with NAU and affect its ability to transform cells.
multinucleate and elongated. These observations are, in
general, consistent with studies cited previously (Santerre
Misexpression of nautilus Alters the Pattern ofet al., 1993; Ludolph et al., 1994) in which ectopic expres-
Somatic Muscle Fiberssion of vertebrate myogenic bHLH proteins alters cell be-
havior. In many cases, however, the myogenic factors sim- Results presented herein suggest that, in vivo, nautilus
is capable of diverting cells destined to contribute to theply activate muscle-speci®c gene expression in vivo, but do
not appear to cause morphological transformation (Hop- heart to a somatic muscle differentiation program. As with
its vertebrate counterparts, this observation would seem towood and Gurdon, 1990; Hopwood et al., 1991; Miner et
al., 1992). In Drosophila embryos the myogenic transforma- suggest a general function in myoblast determination and/
or differentiation. However, nautilus appears to be ex-tion of these cells appeared to be more complete. This appar-
ent difference between nau and the vertebrate genes could pressed in only a subset of muscle founder cells and differen-
tiated muscle ®bers (Michelson et al., 1990; Paterson et al.,re¯ect limitations in the level of overexpressed protein at-
tainable in vertebrates rather than an actual functional dif- 1991; Abmayr et al., 1992). Thus, a model in which nautilus
acts in the myogenic determination of all muscle cells isference. Of note, our results are consistent with the recent
demonstration that overexpression of TWI, a bHLH-con- not compelling.
Instead, we suggest that nautilus acts on a small popula-taining protein that is essential for formation of all mesoder-
mal derivatives and likely acts at an earlier stage of myogen- tion of cells to direct their unique myogenic program. Sev-
eral potential mechanisms merit discussion. First, nautilusesis than nautilus, induces a somatic muscle differentiation
program in developing cardioblasts in vivo (Baylies and Bate, may be responsible for setting aside a speci®c group of mus-
cle founder cells, such that ectopic nautilus results in the1996).
In our studies, cardioblasts that did not exhibit a dramatic generation of duplicated founder cells and, consequently,
duplicated muscle ®bers. Alternatively, nautilus may actmorphological change frequently did express increased lev-
els of myosin and actin 57B, as well as detectable Mlp60A. on cells that have already been set aside as founder cells for
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FIG. 6. Ectopic expression of NAU altered the developmental program of speci®c muscle ®bers. Embryos are positioned with dorsal to
the top and the anterior to the left. The somatic muscle pattern was analyzed with a monoclonal antibody against muscle MHC as
described under Materials and Methods. (A) 24B±GAL4/UAS-nau 1. Arrowheads signify the absence of lateral transverse muscles, while
arrows mark the unattached syncitia that are found in nearby locations. (B) 24B±GAL4/UAS-nau 1±2. Arrows indicate duplicated muscle
20. (C) 24B±GAL4/UAS-nau 1±2. Arrows denote enlarged muscles found in orientations reminiscent of muscle 5. (D) 24B±GAL4/UAS-
nau 1. Arrows denote enlarged muscles in positions similar to those shown in (C). (E) 24B±GAL4/UAS-nau 1. Arrow highlights a large
muscle with characteristics of muscle 26, but found in a novel location. (F) 24B±GAL4/UAS-nau 1-2. Arrow indicates a muscle with
features like that of 26, adjacent to an apparently normal muscle 26.
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speci®c muscle ®bers, to direct their speci®c differentiation speci®c subsets of muscles rather than functioning as an
overall myogenic signal. The parallel between the subsetprogram. It is enticing to consider that the novel muscles
represent the appropriation of founder cells previously com- of nau-expressing Drosophila muscle precursors and the
CeMyoD-expressing precursors in C. elegans awaits furthermitted to, for example, formation of the lateral transverse
muscles and are now following a different developmental investigation.
By comparison with vertebrates, one might anticipateprogram. Nevertheless, nautilus' actions on the lateral
transverse muscles may be independent of the formation of that the single Drosophila gene would serve the purpose of
all four vertebrate genes. However, its restricted pattern ofthe novel muscle ®bers, such that ectopic nautilus causes
the loss of speci®c muscle ®bers while independently caus- expression is inconsistent with this expectation (Michelson
et al., 1990; Paterson et al., 1991; Abmayr et al., 1992).ing duplications of other muscle ®bers. Of note, the novel
muscles that we observed do not seem to be exact duplica- Nevertheless, our results suggest that nautilus has some
functional similarity to the vertebrate genes since it is capa-tions of the normal nautilus-expressing muscles but, rather,
differ slightly in size, location, and shape. This effect seems ble of inducing a myogenic differentiation program in
cardial cells in vivo, reminiscent of the differentiation pro-to be in contrast to the simple pattern duplications of spe-
ci®c muscle ®bers that occur in response to ectopic expres- gram that is induced in cultured cells by all four of the
vertebrate factors (reviewed in Emerson, 1990; Olson, 1990;sion of homeotic genes such as Ubx (Hooper, 1986; Michel-
son, 1994) or proneural genes such as l'sc (Carmena et al., Buckingham, 1992; Weintraub, 1993; Rudnicki and Jae-
nisch, 1995). It remains to be determined, then, whether1995), which seem to play a role in the speci®cation and/
or segregation of founder cells. Rather, our results might nautilus functions in a manner similar to just one of the
vertebrate genes. The four vertebrate genes are expressed atimply a role for nautilus in muscle differentiation. Interest-
ingly, neural precursors were shown to be present in em- different times (Cusella-De Angelis et al., 1992; Smith et
al., 1994) and in different cells types (Smith et al., 1994;bryos mutant for the bHLH-containing daughterless gene,
the Drosophila homolog of E12, but were unable to differen- Braun and Arnold, 1996; Cossu et al., 1996) during develop-
ment in the mouse. Therefore, while cell culture data sug-tiate (Murre et al., 1989; Jimenez and Campos-Ortega, 1990;
Vaessin et al., 1994). One speculation from this model is gest that these genes have similar abilities to induce myo-
genic differentiation, they do not seem to function analo-that the identity of the founder cells has already been speci-
®ed, perhaps by genes including wingless (Bate and Rush- gously in vivo. Indeed, recent studies suggest that the
overlap in function between Myf-5 and MyoD that waston, 1993; Baylies et al., 1995; Ranganayakulu et al., 1996)
and lethal of scute (Carmena et al., 1995) for example, and identi®ed genetically actually represents substitution at the
cellular level (Rudnicki et al., 1993; Braun and Arnold,that nautilus merely interprets this information to induce
a speci®c differentiation program. Ectopic expression of 1996). Since Myf-5- and MyoD-expressing myoblasts are
proliferative, the loss of one cell type appears to be replacednautilus may simply override certain aspects of a preex-
isting program. Moreover, inappropriate expression in tis- by proliferation of the remaining cell type. This apparent
plasticity might obscure differences in the function of eachsue types such as the cardial cells of the heart might induce
aspects of the same myogenic differentiation program. of these genes or indicate that the actual patterning of spe-
ci®c muscle ®bers is a later aspect of mammalian myogen-
esis. In Drosophila, by comparison, nautilus-expressingComparisons between nautilus and Other cells committed to the myogenic program undergo few, if
Myogenic bHLH Proteins any, additional cell divisions. Moreover, analysis of the ear-
liest morphological appearance of muscle precursors indi-nautilus represents the only apparent Drosophila homo-
log of the vertebrate family of myogenic bHLH factors. This cates that the muscle pattern is already established by this
time (Bate, 1993). Therefore, the possibility remains thatsituation is not unique among invertebrates, as only a single
member of the myogenic regulatory family has been identi- the apparent differences between Drosophila nautilus and
its vertebrate counterparts may re¯ect developmental sys-®ed in Caenorhabditis elegans (Krause et al., 1990), sea
urchin (Venuti et al., 1991), and ascidians (Araki et al., tems rather than molecular function.
1994). The protein encoded by the C. elegans gene (hlh-
1), called CeMyoD, is expressed in most, if not all, of the
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